Lateral suprasylvian cortex (LS) is an important source of visual projections to both the striatum and superior colliculus. Although these two LS efferent systems are likely to be involved in different aspects of visual processing, little is known about their functional properties. In the present experiments, 86 neurons in halothane-anesthetized, paralyzed cats were recorded along the posterior aspects of the medial and lateral banks of LS (PMLS and PLLS). Neurons were selected for analysis on the basis of antidromic activation from electrodes chronically implanted in the superior colliculus and caudate nucleus. The segregated nature of corticostriatal and corticotectal neurons was apparent; in no instance could a neuron be antidromically activated from both the superior colliculus and the caudate nucleus. Many common features were revealed between corticotectal and corticostriatal neurons; the majority of neurons in both populations were binocular and contralaterally dominant, showed similar responses to stationary flashed light, and expressed within-field spatial summation and surround inhibition. However, a number of information-processing features distinguished between corticotectal and corticostriatal neurons; the former were generally tuned to lower velocities than were the latter, and, for a given eccentricity in visual space, corticotectal neurons had smaller receptive fields than did corticostriatal neurons. Moreover, most corticotectal neurons displayed a marked preference for movements toward temporal visual space, whereas corticostriatal neurons revealed no specialization for a particular direction of movement. In addition, whereas corticotectal neurons were selective for receding stimuli, corticostriatal neurons were selective for approaching stimuli. The presence of these two corticofugal pathways is discussed in relation to their presumptive functional roles in the facilitation of attentive and orientation behaviors.
Lateral suprasylvian cortex (LS) is an important source of visual projections to both the striatum and superior colliculus. Although these two LS efferent systems are likely to be involved in different aspects of visual processing, little is known about their functional properties. In the present experiments, 86 neurons in halothane-anesthetized, paralyzed cats were recorded along the posterior aspects of the medial and lateral banks of LS (PMLS and PLLS). Neurons were selected for analysis on the basis of antidromic activation from electrodes chronically implanted in the superior colliculus and caudate nucleus. The segregated nature of corticostriatal and corticotectal neurons was apparent; in no instance could a neuron be antidromically activated from both the superior colliculus and the caudate nucleus. Many common features were revealed between corticotectal and corticostriatal neurons; the majority of neurons in both populations were binocular and contralaterally dominant, showed similar responses to stationary flashed light, and expressed within-field spatial summation and surround inhibition. However, a number of information-processing features distinguished between corticotectal and corticostriatal neurons; the former were generally tuned to lower velocities than were the latter, and, for a given eccentricity in visual space, corticotectal neurons had smaller receptive fields than did corticostriatal neurons. Moreover, most corticotectal neurons displayed a marked preference for movements toward temporal visual space, whereas corticostriatal neurons revealed no specialization for a particular direction of movement. In addition, whereas corticotectal neurons were selective for receding stimuli, corticostriatal neurons were selective for approaching stimuli. The presence of these two corticofugal pathways is discussed in relation to their presumptive functional roles in the facilitation of attentive and orientation behaviors.
Key words: basal ganglia; caudate; lateral suprasylvian; orientation behavior; striatum; superior colliculus An extrastriate cortical area surrounding the suprasylvian sulcus of the cat was described initially by Marshall et al. (Marshall et al., 1943) and later by C lare and Bishop (C lare and Bishop, 1954) as visually responsive. This area corresponds closely to the anatomically designated lateral suprasylvian cortex (L S) of Heath and Jones (1971) and, more recently, is believed to consist of six visuotopically organized subregions (Palmer et al., 1978) . At least part of the f unctional role of L S in visual processes is expressed via its connections with the deeper aspects of the superior colliculus, a midbrain structure intimately involved in visual attentive and orientation behaviors (Stein and Meredith, 1991) . The deep superior colliculus receives its major visual input from ipsilateral L S (Kawamura et al., 1978; Baleydier et al., 1983; Segal and Beckstead, 1984; Berson, 1985; Norita et al., 1991) and influences eye, ear, and head movements via its tectospinal projections (Huerta and Harting, 1984) . Not surprisingly, then, deactivation (Ogasawara et al., 1984; Payne et al., 1996) or removal (Hardy and Stein, 1988 ) of L S not only severely compromises the visual responsiveness of these superior colliculus neurons but also results in a pronounced absence of eye, ear, and head orientation to contralateral visual stimuli. This contralateral visual neglect is quite similar to that produced by a lesion of the superior colliculus itself (Sprague, 1966; Hardy and Stein, 1988; Payne et al., 1996) .
Although most of the emphasis on LS-superior colliculus relationships focuses on the direct corticotectal projection, several lines of evidence suggest that there is also an "indirect" corticotectal pathway whereby LS (and possibly other visual cortical areas) can access the superior colliculus via the basal ganglia and substantia nigra (for full references, see McHaffie et al., 1993a) . Both the direct and presumptive indirect corticotectal pathways arise from neurons interspersed along the medial and lateral banks of the posterior regions of the LS (Kawamura et al., 1978; Battaglini et al., 1982; Berman and Payne, 1982; Baleydier et al., 1983; Segal and Beckstead, 1984; Burchinskaya et al., 1988; Norita et al., 1991; Updyke, 1993) . LS targets regions in the striatum that project, in turn, to regions of the substantia nigra (Royce and Laine, 1984 ) that connect to the superior colliculus (i.e., via nigrotectal projections; for review, see Harting et al., 1988) . It is because nigrotectal neurons are known to contact (Karabelas and Moschovakis, 1985; Tokuno and Nakamura, 1987; Williams and Faull, 1988) and modulate (Anderson and Yoshida, 1980; Chevalier et al., 1981 Chevalier et al., , 1984 Hikosaka and Wurtz, 1983) deep laminae tectospinal neurons that serious consideration has been given to the possibility that a corticostriatonigrotectal pathway can provide an indirect route through which LS can modulate visual activity in the superior colliculus and, in turn, superior colliculus-mediated behaviors (for review, see McHaffie et al., 1993a) . Consistent with this concept are the observations that converging inputs from LS and basal ganglia modulate the visual responsiveness of tectospinal neurons (Dunning et al., 1990) and that similar attentive and orientation defects are produced by basal ganglia and superior colliculus lesions (Gybels et al., 1967; Reeves and Hagamen, 1971; Marshall et al., 1974; Feeney and Wier, 1979) .
Despite the recent surge in interest in the basal ganglia and its role in sensorimotor integration, nothing is known regarding the specific information conveyed by L S corticostriatal neurons. Similarly, there have been no attempts to assay the properties of LS corticotectal neurons. Recently, we have shown, with double retrograde labeling techniques, that corticotectal and corticostriatal projections arise from segregated populations of LS corticofugal neurons (Norita et al., 1991; McHaffie et al., 1993a) . Although such an anatomical segregation implies that the information carried via these two corticof ugal routes is different, there are no physiological data with which to evaluate the likelihood of this postulate. The present experiments were initiated, therefore, to examine the response properties of antidromically identified corticotectal and corticostriatal neurons.
Preliminary results of parts of this paper have been published previously in abstract form (Niida et al., 1992; Niida and McHaffie, 1993) .
MATERIALS AND METHODS
All procedures were performed in compliance with the Guide for the Care and Use of Laborator y Animals (National Institutes of Health publication 91-3207) in facilities accredited by the American Association for Accreditation of Laboratory Animal C are (AAALAC). All protocols received previous approval by the Institutional Animal C are and Use Committee.
Surg ical preparation. Nine adult cats of either sex weighing from 2.5 to 3.2 kg were prepared for chronic extracellular single-unit recording. Seven to ten days before the first recording session, each animal underwent a sterile surgical procedure. The animal was anesthetized with sodium pentobarbital (38 mg / kg, i.p.) and placed in a stereotaxic head holder. Small craniotomies were made to expose the cortex overlying the superior colliculus and caudate nucleus, and the dura was reflected. A linear array of four varnish-coated, tungsten monopolar stimulating electrodes (tip exposure, 150 -300 m; electrode separation, 1 mm) oriented rostral to caudal was lowered into the left superior colliculus to a point 2 mm below the first site at which vigorous visual responses were initially recorded. T wo such electrode arrays were also stereotaxically implanted in the left caudate nucleus [Horsley -C lark coordinates, anterior (A) 12.0 to A15.0, lateral (L) 4.5, and height (H) 6.2; A12.5 to A15.5, L5.5, and H4.7] , spanning the area where dense terminal labeling could be seen after L S cortical injections (Norita et al., 1991; McHaffie et al., 1993b; Updyke, 1993) . Each of these electrode arrays was used to antidromically activate corticof ugal neurons. A stainless-steel recording well was positioned over a craniotomy to allow access to the lateral suprasylvian cortex. Finally, a head-holding device was mounted over the right half of the skull so that the animal's head could be held without any pressure points (McHaffie and Stein, 1983) . The stimulating electrodes, recording well, and head holder were anchored to the skull with screws and dental acrylic. The skin around the incision was sutured shut, and all wound margins were treated with an antiseptic. After surgery, the animal received systemic injections of analgesics (butorphanol tartrate, 1 mg every 6 hr for 24 -48 hr) and antibiotics (penicillin G, 250,000 U/d for 1 week).
On the day of recording, preanesthesia was induced with ketamine hydrochloride (25 mg / kg, i.m.) and acepromazine maleate (0.5 mg / kg, i.m), with atropine sulfate (0.04 mg / kg, i.m.) administered to reduce bronchial secretions. After endotracheal intubation, anesthesia was induced and maintained throughout the remainder of the experiment with halothane (0.5-1%). The animals were paralyzed with pancuronium bromide (an initial bolus of 0.3 mg / kg, i.v., followed by continuous inf usion of 0.1 mg / kg / hr in lactated Ringer's solution) and artificially ventilated. End tidal C O 2 was maintained at ϳ4.0% by manipulating inspiratory rate and /or volume. The level of anesthesia was routinely assessed by periodically allowing the animal to recover from paralysis and monitoring corneal blink reflexes. Core body temperature was maintained at 37°C with a circulating hot water pad. The inside of the recording well was flushed with a mixture of 10% povidone -iodine and penicillin at the beginning and end of each recording session. The pupils were dilated by topical application of 1% atropine sulfate, and the nictitating membranes and eyelids were retracted with 2.5% phenylephrine hydrochloride. The refractive state of each eye was measured by direct ophthalmoscopy, and contact lenses of the appropriate powers (0 to ϩ3 diopters) were fitted to focus the eyes on a translucent Plexiglass hemisphere placed 57 cm in front of the animal's eyes. Ocular alignment was adjusted to within 2°with Risley prisms, and the positions of the optic disk and area centralis of each eye were plotted onto the dome by means of reverse ophthalmoscopy.
Electrophysiolog ical recording. E xtracellular recordings were made with glass-insulated tungsten microelectrodes (tip exposure, 5-12 m; impedance, Ͼ1 M⍀ at 1 kHz) (Levick, 1972) . The electrode was angled 30 -40°from the horizontal to traverse one bank of the sulcus from top to bottom. After electrode positioning, the recording well was filled with agar gel to minimize pulsations, and the electrode was advanced through a small durotomy with a hydraulic microdrive. All electrode penetrations were made at 0.5 mm intervals to sample the areas designated posterior medial lateral suprasylvian cortex (PML S) and posterior lateral lateral suprasylvian cortex (PL L S) by Palmer et al. (1978) , extending from approximately Aϩ1 to Aϩ7.5. Neuronal responses were bandpass amplified, fed into a window discriminator, and subsequently fed to a computer for storage and subsequent analysis. The computer was used to count impulses and to construct peristimulus time histograms and rasters. Neurons with waveshapes indicative of axon recordings (Hubel, 1960; Bishop et al., 1962) were excluded from analysis. At the end of a recording session, anesthetics and paralytics were discontinued, and after the recovery of stable respiration and locomotion, the animal was returned to its home cage.
Electrical stimulation. Neurons were selected for study on the basis of antidromic activation from stimulating electrodes chronically implanted in the caudate nucleus or superior colliculus (see above). Search stimuli consisted of single rectangular, constant-current pulses of 0.15 msec duration and of either polarity delivered at 600 A; these stimuli were delivered sequentially between adjacent pairs of electrodes at every 50 -100 m step in the traverse of the recording electrode through L S. When an antidromically activated neuron was encountered, its threshold (defined as the minimum current required for activation on at least 50% of the trials) was determined. The criteria for antidromic activation included low latency jitter (Ͻ0.2 msec), high frequency after activation (Ͼ300 Hz), and a "collision" of ascending and descending impulses (Bishop et al., 1962; Fuller and Schlag, 1976) .
V isual stimulation. Receptive field mapping and initial qualitative evaluation of the response properties of L S neurons were conducted using spots or bars of light projected from a hand-held pantoscope. For quantitative assessment, light stimuli of various shapes and sizes were projected onto the hemisphere with a Prado projector. The stimuli could be flashed on and off with an electronic shutter or moved via an electronically controlled, galvanometer-driven mirror system that allowed precise control of stimulus velocity, amplitude, and direction. Stimuli were presented repeatedly (n ϭ 8) and at low iterative rates (16 sec). Stimuli intended to replicate a visual "flow field" (Rauschecker et al., 1987) were generated by varying the size of an iris diaphragm placed in front of the projector lamp. Each L S neuron was qualitatively and quantitatively evaluated for its responsiveness to stationary flashed light, ocular dominance, changes in stimulus size, velocity preference, and directional selectivity.
Quantif ying directional selectivit y. Directional selectivity in L S corticof ugal neurons was quantified using vector averaging from a method outlined previously (Goldberg and Brown, 1969; Yin and Greenwood, 1992) . Data from a single direction of stimulus movement were considered a vector, the direction and magnitude of which corresponded to the direction of stimulus movement and the mean number of spikes evoked in eight stimulus presentations, respectively. The following convention was used to specif y the direction of stimulus movement as seen from the perspective of the animal: nasal movements (i.e., toward the ipsilateral hemifield) were defined as 0°, superior movements as 90°, temporal movements (i.e., into the contralateral visual hemifield) as 180°, and inferior movements as 270°. The sine and cosine terms of each individual vector are:
The n vectors characterizing each direction of stimulus movement are treated as a distribution on a unit circle, and the mean vector is calcu-lated. The preferred direction of stimulus movement is given by:
The mean magnitude of the resultant vector, indicating the vigor of the directional selectivity, is given by:
and referred to as the directional selectivity index (DSI). The value of the DSI varies between 0 and 1 such that 0 is assigned to a neuron with no overall directional selectivity, and 1 corresponds to a neuron that responded to movement in a single direction. Normalization of the value of the DSI with the total number of impulses was used to calculate the statistically significant level of directional selectivity (Mardia, 1972) . A significant advantage of this type of analysis is that both the strength of directional selectivity (i.e., DSI) and preferred direction are determined by an average of the responses over the f ull range of directions examined. Axial direction preference (ADP) (Rauschecker et al., 1987 ) was calculated; this value represents the angular difference between the preferred direction and a vector originating at the geometric center of the receptive field of a neuron and directed toward the area centralis. Thus, when the ADP is close to 180°, the neuron has a preference for centrif ugal movements; when it is close to 0 or 360°, it has a centripetal preference. In addition, the width of direction tuning was quantified by calculating a half-maximal tuning angle (HM A) (Yin and Greenwood, 1992) for each neuron. It was defined by the angle that subtended responses exceeding 50% of the maximum response.
Histolog y. One to three small electrolytic lesions (10 -12 A for 15 sec; electrode tip negative) were made along each electrode track. After the last recording session, direct current (15-20 A for 20 sec) was passed through each of the stimulating electrodes to mark their positions. The animal was then given a lethal dose of sodium pentobarbital and perf used transcardially with 0.9% saline followed by 10% formalin. The brain was blocked stereotaxically, removed, and placed for several days in fixative with 30% sucrose added. Serial frozen sections through the superior colliculus, caudate, and L S were cut at 50 m and counterstained with neutral red. The positions of recorded neurons in the cortex and stimulating electrodes in the caudate and superior colliculus were reconstructed by reference to the electrolytic lesions. Each cortical recording site was assigned to PML S or PL L S using the f undus of the middle suprasylvian sulcus as the PML S -PL L S border (Palmer et al., 1978) .
RESULTS
The receptive field properties of 86 neurons in LS, selected on the basis of their efferent status to the superior colliculus or caudate nucleus, were evaluated quantitatively with precisely controlled visual stimuli. The electrode penetrations were made within a 6-mm-long region of LS between A1.0 and A7.0 (Fig. 1 ). Sixtythree neurons (31 in PMLS and 32 in PLLS) were activated antidromically from the superior colliculus and were thus defined as corticotectal. Twenty-three neurons (12 in PMLS and 11 in PLLS) were antidromically activated from the caudate nucleus and defined as corticostriatal (Fig. 1) . All of the corticotectal, and the overwhelming majority of corticostriatal, neurons were located in lamina V (Fig. 2) . Because not all of these neurons could be held long enough to evaluate the entire complex of receptive field properties, the sample sizes are slightly different in each of the categories considered below. A small population of corticotectal neurons (n ϭ 6) was unresponsive to visual stimuli and is excluded from the following analyses.
Antidromic activation
Whenever an LS neuron was isolated that could be antidromically activated from a particular structure, the effectiveness of the remaining pairs of electrodes in that array was also evaluated. The most effective electrode combination was then used for further evaluation. Characteristic examples of corticotectal and corticostriatal LS neurons are presented in Figure 3 , along with a schematic diagram of the experimental paradigm. Although corticofugal neurons were usually activated across several electrode pairs within a structure, in no case was a neuron antidromically activated from both the superior colliculus and caudate.
Antidromic latencies
The antidromic latencies of corticotectal (range, 0.6 -3.8 msec; mean of PMLS ϭ 1.19 msec; mean of PLLS ϭ 1.35 msec; population mean ϭ 1.27 msec) and corticostriatal (range, 0.6 -2.8 msec; mean of PMLS ϭ 1.44 msec; mean of PLLS ϭ 1.41 msec; population mean ϭ 1.43 msec) neurons were not significantly different (Kolmogorov-Smirnov two-sample test) (Fig. 4) . Given that there are two possible direct corticotectal routes from LS to superior colliculus, a brachial route of ϳ26 mm and a longer, pedunculotegmental route that is ϳ33 mm (R. Segal, personal communication) , these latencies correspond to a range of conduction velocities of 6.8 -43.3 m /sec (mean ϭ 20.4 m/sec via the brachium of the superior colliculus; mean ϭ 26.0 m/sec via a pedunculotegmental trajectory). If a conduction distance of 16 mm from L S to the caudate is assumed, conduction velocities of corticostriatal neurons ranged from 5.7 to 55 m /sec (mean ϭ 11.2 m/sec). These values all correspond to conduction velocities indicative of myelinated fibers (Waxman and Bennett, 1972) .
Sizes of receptive fields
Each receptive field was mapped by moving a bar of light inward from all directions until a closed area of responsiveness was delimited, and for virtually all L S neurons, this was an ellipticalor oval-shaped area. The area of each receptive field was approximated by multiplying its long and short axes (Barlow et al., 1967; Hubel and Wiesel, 1969) , as delimited by stimulation through the dominant eye alone (Table 1) . Comparison of the receptive field sizes of the two populations revealed that the mean area for corticotectal neurons was significantly smaller than that for corticostriatals (Mann-Whitney U test, p Ͻ 0.01). Part of these differences is presumably because of differences in the topographical representations of corticotectal and corticostriatal neurons (see below).
Distribution of receptive fields
The geometric centers of most corticotectal and corticostriatal receptive fields were clustered near the representation of the area centralis, extending temporally along the horizontal meridian ( Fig. 5 A, B) . However, they tended to be differentially distributed so that far more corticotectal than corticostriatal neurons had their receptive field centers within the central 10°of visual space (23 of 57, 40%, vs 4 of 23, 17%). When the corticotectal and corticostriatal neurons were separated by banks, the majority (83%) of the PMLS neurons had receptive field centers below the horizontal meridian (mean elevations, Ϫ7.6°and Ϫ14.9°, respectively) (Fig. 5C ), whereas those in PLLS were more broadly distributed (mean elevations, ϩ11.6°and Ϫ12.7°, respectively) (Fig. 5D) . Thus, the corticostriatal representation of visual space seems to be biased toward larger receptive fields and the lower aspects of the visual field.
How receptive field size varied with eccentricity in visual space was determined by plotting the area of each receptive field on a semilogarithmic plot as a function of the location of its geometric center (Fig. 6 ). Receptive field size varied over Ͼ2 log units, from ϳ30°2 for those most central to ϳ6000°2 for those most peripheral, with the majority Ͻ3000°2. Comparisons of coefficients between linear regression functions revealed that the receptive fields of corticotectal neurons in PMLS were smaller than were The mean thresholds for corticotectal neurons (n ϭ 63) and corticostriatal neurons (n ϭ 23) were 280 and 340 A, respectively. All antidromically activated neurons reliably followed high frequency pulse trains (Ն300 Hz). Antidromically evoked impulses were extinguished by spontaneous or visually evoked impulses. Arrows denote the position of the annihilated impulse. In no case was it possible to activate a neuron antidromically from both the superior colliculus (SC ) and striatum (ST ). their counterparts in PL L S ( p Ͻ 0.0002). Similarly, corticostriatal neurons in PML S were smaller than were those in PLLS ( p Ͻ 0.04). Overall, corticotectal neurons, regardless of their efferent status, had statistically smaller receptive fields than did corticostriatal neurons ( p Ͻ 0.001). Thus, the largest receptive fields were in PL L S, with the corticostriatal neurons in PLLS larger than any other category. Thus, at any given eccentricity, the smallest receptive field was likely to be associated with a corticotectal neuron in PML S.
Ocular dominance and binocular interactions
There was no apparent segregation among the various populations of L S neurons in terms of ocular preferences. All but two LS neurons, the receptive field centers of which were within the binocular segment of the visual field (i.e., central 90°), were binocular, and most were better activated from the contralateral than from the ipsilateral eye. The similarity in the ocular dominance histograms of corticotectal and corticostriatal neurons is shown in Figure 7A . Interactions between inputs to the two eyes were examined in neurons the receptive fields of which were within the binocular segment of the visual field. A neuron was categorized as showing (1) binocular summation if simultaneous stimulation of the two eyes with the same stimulus evoked more impulses than did stimulation of either eye alone, (2) binocular facilitation if the number of impulses evoked was greater than the sum of that to the two eyes independently, and (3) binocular inhibition if the response was less than that evoked by stimulation of the dominant eye alone. Corticotectal and corticostriatal neurons fell into these different categories with similar frequencies. The majority of corticotectal (34 of 53, 64%) and corticostriatal (12 of 21, 57%) neurons, regardless of whether they were in PMLS or PLLS, showed binocular summation or facilitation, and comparatively few showed binocular inhibition (corticotectal, 9 of 53, 17%; corticostriatal, 3 of 21, 14%). The remaining neurons responded the same way to monocular and binocular stimulation, with no correlation between the type of binocular response evoked and receptive field position.
Spatial summation and inhibition
The majority of corticotectal and corticostriatal neurons reacted in similar ways to increasing stimulus size (Fig. 7B) . Most of these neurons showed within-field spatial summation. For the majority (corticotectal, 42 of 63, 67%; corticostriatal, 13 of 23, 56%), spatial summation was apparent until an optimum stimulus size (mean diameter corticotectal ϭ 3.2°; mean diameter corticostriatal 4.3°) was reached. This optimum was always smaller than the diameter of the receptive field. Increasing the size of the stimulus still further often resulted in inhibition (see Figs. 11 D, 12D) . For a few neurons (total corticotectal and corticostriatal, 5 of 86, 6%), spatial summation increased until the stimulus covered the entire receptive field. More than half of corticotectal (39 of 63, 62%) and corticostriatal (14 of 23, 61%) neurons also showed surround inhibition such that the response decreased as the stimulus extended beyond the borders of the excitatory receptive field (see Fig. 11 D) . These different receptive field features were often found in the same neuron (i.e., corticotectal, 23 of 63, 37%; corticostriatal, 7 of 23, 30%).
Response to stationary flashed light
Most corticotectal (44 of 63, 70%) and corticostriatal (17 of 23, 74%) neurons responded to stationary flashed light ( Fig. 7C ) with discharges at light onset and offset (ON-OFF). Although the response vigor varied somewhat with stimulus position within the receptive field, there was no evidence of segregated ON, OFF, and/or ON-OFF subregions among these neurons. No differences were observed between corticotectal and corticostriatal neurons.
Orientation selectivity
Orientation selectivity was examined by comparing responses to the movement of a light bar in different orientations, presented at the optimal velocity and in the preferred direction. The length of the bar was always smaller than the diameter of the receptive field and had its axis of orientation changed in 45°increments: 0°( parallel to the preferred direction), 45°, 90°(perpendicular to the preferred direction), and 135°. Very few corticotectal (2 of 63, 3%) and no corticostriatal neurons responded selectively or preferentially to stimuli with particular orientations.
Velocity selectivity
Velocity was classified on a seven point scale, with neurons that responded equally well to a broad range of velocities (Ͻ20°/sec to Ͼ600°/sec) grouped together as wide range. As can be seen in Figure 8 A, this latter group constituted a large subpopulation of both corticotectal and corticostriatal neurons. In the remainder of the neurons, in which an optimal velocity could be determined, responses were divided into six classes. In general, the velocity tuning for corticotectal neurons was skewed to lower velocities than was that for corticostriatal neurons, and these two popula- tions were statistically distinct ( 2 ϭ 18.8; p Ͻ 0.01). No differences were seen between neurons located in PML S and PLLS.
The correlation between the preferred velocity of a neuron and the distance between its receptive field center and area centralis was also evaluated. As indicated in Figure 9 , there were clear positive relationships between preferred velocity and eccentricity for corticotectal neurons in PML S (Pearson r ϭ 0.52; p Ͻ 0.005) and for corticostriatal neurons in PML S (Pearson r ϭ 0.58; p Ͻ 0.005), whereas the correlation was weaker for corticotectal neurons in PL L S (Pearson r ϭ 0.29; p Ͻ 0.005) and corticostriatal neurons in PL L S (Pearson r ϭ 0.06; p Ͻ 0.005). Thus, neurons with receptive field centers closer to central visual space responded best to slower velocities than did those with more eccentric receptive fields.
Flow field vectors
Expanding and /or contracting annular stimuli were used to mimic approaching and receding stimuli (i.e., flow fields; see Rauschecker et al., 1987) and activated approximately half (28 of 57, 49%) of the corticotectal neurons and more than half (14 of 23, 61%) of the corticostriatal neurons (Fig. 8 B) . The corticotectal neurons in this sample tended to respond best to receding stimuli (28 vs 14%; 7% showing no preference), whereas corticostriatal neurons tended to respond best to approaching stimuli (35 vs 9%; 17% showing no preference). These differences among corticofugal neurons were significant ( 2 ϭ 8.5; p Ͻ 0.05).
Directional selectivity
Inputs from L S are believed to be critical for the expression of directional selectivity in deep laminae superior colliculus neurons (Ogasawara et al., 1984) . To quantif y the specificity of this movement parameter and compare the preferences among corticotectal and corticostriatal L S neurons, we calculated vector averages and half-maximal angles (see Materials and Methods) for each neuron studied. For both populations, ϳ80 -90% showed statistically significant directional selectivity indices (see Table 1 for specific values). The locations of the receptive fields with the calculated directional selectivity index are displayed on the polar coordinate diagrams of Figure 10 , A and B. Most (32 of 46, 70%) corticotectal neurons preferred movements toward temporal visual space (90 -180°; only 30% preferred the opposite movements). When the distributions of axial direction preference (see Materials and Methods) were calculated (Fig. 10C,D) , the pronounced movement bias became more obvious. No such preference for the direction of movement was noted for corticostriatal neurons. Interestingly, corticotectal neurons the receptive field centers of which were in the upper hemifield often preferred superior-temporal (90 -180°) movements, whereas neurons the receptive field centers of which were in the lower hemifield often preferred inferior-temporal (180 -270°) movements. Because PMLS neurons most often had their receptive centers in the lower hemifield, there was also a relationship between LS location and directional preference. In the majority of the neurons studied (80% of corticotectal and 83% of corticostriatal), the entire complement of receptive field properties was evaluated. This provided a comprehensive physiological profile of individual neurons, and the covariances of the various response properties described above are shown in two characteristic examples, one for a corticotectal neuron (Fig. 11 ) and one for a corticostriatal neuron (Fig. 12) . These examples underscore the general neuronal similarities and differences in the information-processing capabilities of these neuronal classes.
DISCUSSION
The present studies demonstrate that, although a number of physiological commonalities are present, there are physiological distinctions in the visual information-processing capabilities of antidromically identified corticotectal and corticostriatal LS neurons. Despite their intermingling in lamina V (Norita et al., 1991) , these neurons form segregated output populations so that in no instance was the same neuron antidromically activated from both the superior colliculus and the caudate nucleus. These findings parallel anatomical demonstrations that corticotectal and corticostriatal neurons are distinguishable based on the sizes of their somas and their sublaminar distributions. They are also consistent with the absence of double-labeled LS neurons after injections of different retrograde tracers in the superior colliculus and caudate nucleus (Rhoades et al., 1982; Segal and Beckstead, 1984; Norita et al., 1991; McHaffie et al., 1993a; Updyke, 1993) . Partic- (n ϭ 12) (n ϭ 10) PL L S 11 9.5 Ϯ 6.9 1847 Ϯ 1929 11 9 (82%) 0.22 Ϯ 0.12 209 Ϯ 77 (n ϭ 11) (n ϭ 11) (n ϭ 10)
Mean SA (impulse/sec) represents mean spontaneous activity, which was measured by eight blank trials with no stimulus present. Mean receptive field (RF) sizes for corticotectal and corticostriatal neurons in PLLS were much larger than those in PMLS. DSI and HMA are described in the text. Neurons the responses of which to any other direction never fell to Ͻ50% of the maximum were excluded.
ularly germane in the present context is the possibility that the different signals transmitted along these two pathways may ultimately have complementary influences on the same target neurons in the midbrain.
Corticotectal and corticostriatal similarities
Early physiological descriptions of L S neurons emphasized the homogeneity of their response properties (Sherman and Spear, 1982) . Indeed, the present data also revealed substantial similarities among corticotectal and corticostriatal L S populations in the proportions of binocular neurons, ocular dominance distributions, presence of within-field spatial summation and surround inhibition, lack of receptive field segregation into ON, OFF, and ON -OFF subregions, lack of orientation selectivity, and near linear increase in receptive field size with eccentricity in the visual field (Spear and Baumann, 1975; T urlejski, 1975; Camarda and Rizzolatti, 1976; Palmer et al., 1978; Smith and Spear, 1979; Gizzi et al., 1981; Blakemore and Zumbroich, 1987; Rauschecker et al., 1987) . Even the conduction velocities of corticotectal and corticostriatal neurons were similar. This particular observation was surprising because the somas of corticotectal neurons are, on average, larger than those of corticostriatal neurons (Norita et al., 1991; McHaffie et al., 1993a) , and one would expect that the latter would have slower conduction velocities than the former. However, the population differences obtained here were not statistically significant. Furthermore, despite suggestions that the corticostriatal projections are unmyelinated (Whitlock and Nauta, 1956; Bauswein et al., 1989) , their conduction velocities fell well within the range of myelinated fibers (Waxman and Bennett, 1972) , a finding paralleling data from recent studies of cat frontal eye fields (Weyand and Gafka, 1997) . In contrast to these functional similarities, however, were substantial differences between corticotectal and corticostriatal neurons in the sizes and distributions of their receptive fields, directional selectivities, velocity preferences, and responses to approaching or receding stimuli.
Corticotectal and corticostriatal differences Receptive field size and location
Both corticofugal populations were widely distributed in the medial (PMLS) and lateral (PLLS) banks of LS, and in both PMLS and PLLS, corticostriatal receptive fields were significantly larger than were their corticotectal counterparts. The vi- sual representations in PML S and PL L S are approximately mirror symmetric (Palmer et al., 1978; Zumbroich et al., 1986) , although the representation is less precise in PL L S because of the nearly threefold increase in the receptive field sizes of its constituent neurons (Zumbroich et al., 1986 ; but see Rauschecker et al., 1987) . Although no attempt was made here to reconstruct the high resolution visual maps presented by others (e.g., Palmer et al., 1978) , the possible biases inherent in restricting observations to neurons representing only a given region of visual space were minimized by deriving the antidromically studied population by sampling neurons along the entire rostrocaudal extent of both PML S and PL L S. Regardless of the location sampled, corticotectal and corticostriatal neurons in PL L S had receptive fields that were more frequently centered above the horizontal meridian than were their PML S counterparts (Palmer et al., 1978; Zumbroich et al., 1986) . However, there were also differences between corticotectal and corticostriatal neurons that superseded their location in LS. For example, the receptive fields of many more corticotectal than corticostriatal neurons were biased toward the central representation of visual space. This corticotectal bias has an obvious parallel in the expanded representation of central visual space in the superior colliculus (Feldon et al., 1972) . The fact that no corticostriatal neurons were found in the most caudal aspects of PML S or PL L S, where the area centralis is represented (Palmer et al., 1978; Grant and Shipp, 1991) , is consistent with the observation that this region sends only sparse projections to the caudate nucleus (Updyke, 1993) , and the coarse visuotopy along the horizontal meridian observed in the caudate (Updyke, 1993) may reflect, in part, the comparatively larger receptive fields of corticostriatal neurons in L S.
Directional selectivity
Directionally selective neurons have been shown to make a significant contribution to the perception of global motion (Pasternak et al., 1990; Rudolph et al., 1994) , and the specific contribution of neurons in L S to this perception has been recently demonstrated (Rudolph and Pasternak, 1996) . However, previous investigations have differed with respect to the directions of movement preferred by LS neurons. Some studies suggest that a plurality prefer centrifugal movements, although others emphasize that no preference for a single best direction of movement predominates (Hubel and Wiesel, 1969; Spear and Baumann, 1975; Camarda and Rizzolatti, 1976; Blakemore and Zumbroich, 1987; Rauschecker et al., 1987; von Grunau et al., 1987) . The present observations suggest that both conclusions may be justified, depending on which neurons are included in the sample.
Using the vector-averaging technique of Yin and Greenwood (1992) , we proved that the vast majority of corticotectal (81%) and corticostriatal (87%) neurons studied here were directionally selective, with similar values for the magnitude of directional bias (i.e., DSIs; see Yin and Greenwood, 1992) . However, both the directional selectivity plots and the axial direction preference profiles of the two populations of neurons were very different. Overall, the population of corticotectal neurons showed a strong bias for centrifugal movements, thereby matching the preferences of their target neurons in the superior colliculus Straschill and Hoffman, 1969; Stein and Arigbede, 1972; Rauschecker and Harris, 1983) . Presumably, this centrifugal bias is imposed on superior colliculus neurons via the cortex , with the selectivity of deep laminae superior colliculus neurons specifically related to input derived from LS (Ogasawara et al., 1984) . On the other hand, the population of corticostriatal neurons did not display any single best direction of movement. Although it is likely that striatal neurons also lack a single most-often-preferred direction of movement, the directional selectivity of striatal neurons remains to be detailed. The differences in the directional responses of corticotectal and corticostriatal neurons that were noted here are also consistent with the observations of Rauschecker et al. (1987) , who noted that lamina V neurons in LS (the source of both corticotectal and corticostriatal projections; Norita et al., 1991; McHaffie et al., 1993a ) most frequently preferred centrifugal movements, whereas those in laminae II/III (the source of corticostriatal projections) were evenly split between preferences for centrifugal and centripetal movements. Also consistent with Rauschecker et al. (1987) was the observation that many of these same neurons were preferentially activated by stimuli that mimicked approaching or receding objects, with more corticotectal neurons preferring receding stimuli and most corticostriatal neurons preferring approaching stimuli.
Velocit y preferences
Although neither corticotectal nor corticostriatal neurons were exceedingly sensitive to the speed of motion, the majority were best activated within a narrow range of target speeds. Interestingly, the preference for high speeds in L S neurons is believed to covary positively with increasing eccentricity (Spear and Baumann, 1975; C amarda and Rizzolatti, 1976; Rauschecker et al., 1987; but see T urlejski, 1975) . Given that more corticotectal than corticostriatal neurons had their receptive field centers within more central regions of visual space, it followed that they were, as a population, more strongly biased toward selectivity for slowermoving stimuli. Similarly, corticostriatal neurons, with their more eccentric receptive fields, exhibited a greater preference for high velocity stimuli.
Convergence of LS corticotectal and corticostriatal activity
Compelling evidence has accumulated that LS plays an important role in modulating visually guided behaviors via its effects on the superior colliculus. First, it is the primary source of excitatory visual input to the deep layers of the ipsilateral superior colliculus (Kawamura et al., 1974; Baleydier et al., 1983; Ogasawara et al., 1984; Berson, 1985) in which such behaviors can be generated, and second, reversible deactivation of small regions of posterior LS induces both a profound "visual neglect" of contralateral visual space and a striking weakening of the visual responsiveness of ipsilateral superior colliculus neurons (Ogasawara et al., 1984; Hardy and Stein, 1988; Dunning et al., 1990) . Furthermore, the visual neglect produced by compromising the integrity of LS is very similar to that produced by lesions of the superior colliculus itself (Payne et al., 1996) , and in both cases the neglect can be reversed by removing the inhibitory influences conveyed via the intercollicular commissure (Sprague, 1966; Sherman, 1974; Hardy and Stein, 1988) .
The most obvious route by which LS influences can be exerted on the superior colliculus is by its direct connection. The loss of its excitatory influence has commonly been held responsible for the visual neglect induced by LS lesions. However, an alternative route, through which superior colliculus neurons can be rendered more excitable (by the release from tonic inhibition), is likely to Figure 7 . Some receptive field properties were indistinguishable between corticotectal and corticostriatal neurons. A, Ocular dominance histograms. Seven ocular dominance classes were defined as follows: class 1, exclusively dominated by the contralateral eye; class 2, predominantly dominated by the contralateral eye; class 3, slightly dominated by the contralateral eye; class 4, approximately equally dominated by either eye; class 5, slightly dominated by the ipsilateral eye; class 6, predominantly dominated by the ipsilateral eye; and class 7, exclusively dominated by the ipsilateral eye. B, Preference for responses to changes in stimulus size. C, Preference for responses to stationary flashed stimuli. play an important complementary role. This multisynaptic indirect corticotectal route originates in L S. It is relayed from LS to striatum, from there to the substantia nigra, and from nigral neurons to the deep layers of the ipsilateral superior colliculus (for references, see McHaffie et al., 1993a) . The corticostriatal projection from L S neurons is believed to constitute the most robust excitatory visual input into the striatum (Kolomiets, 1986) . It terminates preferentially within the matrix of the caudate nucleus (McHaffie et al., 1993b) , from which GABAergic projections to the substantia nigra originate (Oertel et al., 1981) . When active, striatonigral neurons powerf ully inhibit nigral neurons that contact output neurons (i.e., tectospinal) of the superior colliculus (Chevalier et al., 1981 (Chevalier et al., , 1984 . Because tectospinal neurons normally are held in check by tonic nigrotectal inhibition, the phasic activation of striatal neurons by L S afferents ultimately releases tectospinal neurons from inhibition (for review, see McHaffie et al., 1993a) . Consequently, when the integrity of LS is compromised, the ipsilateral superior colliculus loses two complementary influences, the excitation via the direct corticotectal pathway and the disinhibitory influences via the indirect pathway.
Functional integration of direct and indirect corticotectal influences: why are corticotectal and corticostriatal neurons segregated?
Normally, the inputs from these two converging pathways function cooperatively to facilitate attentive and orientation behaviors. Although the specific details of their synergistic relationship remain speculative, the manner in which the basal ganglia regulate the f unctional circuitry of the superior colliculus, via the indirect pathway, has obvious implications. According to recent concepts of basal ganglia f unction (Mink, 1996) , the striatum itself does not generate voluntary movements. Rather, it acts to inhibit competing motor programs while simultaneously removing inhibition from a select group of neural elements involved in the production of desired movements. Consequently, when a motor program is initiated by cortex, activation of the striatum ultimately disinhibits a population of tectospinal neurons, via striatonigrotectal projections. The increased activity of these superior colliculus output neurons provides information to premotor and motor targets in the brainstem regarding the metrics of the eye and/or head movements. Before an actual movement is initiated, however, corticofugal information from LS, updating the current position, direction, and/or velocity of the target, may be relayed to a topographically appropriate subset of neurons within the disinhibited tectospinal population. Such concordant sensory input would produce an ensemble of differentially active tectospinal neurons with a core of highly active elements and a periphery of less active elements. This sort of population code has been shown to be applicable to superior colliculus-mediated saccadic eye movements (Lee et al., 1988) . One advantage of such an organizational scheme is that a corrected movement vector would be derived from visual cortex immediately before the onset of brainstem premotor and motor activity. Although speculative, this concordance of striatal disinhibition and cortical excitation emphasizes the ongoing dynamic processes of neural events leading to sensorimotor transformations and would be particularly advantageous in the accurate localization of moving targets and/or when the organism itself is moving through the environment. It is interesting to note in this regard that the deleterious effects of LS lesions on orientation behaviors are most apparent when the animal must alter a motor program that is either about to be engaged or one that has been running previously (Hardy and Stein, 1988) . The postulate of a rapid ongoing update via segre- The direction and length of the arrow denote the angle of the computed vector () of the preferred direction and the value of the DSI, respectively (A, inset). Symbols without an arrow denote nondirectional neurons, the DSIs of which were not statistically significant (uniformity test, p Ͼ 0.05; see Mardia, 1972) . C, D, Polar coordinate maps subdivided into eight direction categories displaying the distributions of ADP for corticotectal ( C) and corticostriatal ( D) neurons. ADP represents the preferred direction relative to the axis joining the receptive field center to the area centralis. Motion away from the area centralis (centrifugal movement) corresponds to 180°. Motion toward the area centralis (centripetal movement) corresponds to 0°. T, Temporal; N, nasal; S, superior; I, inferior. Response properties of a representative corticostriatal neuron in PL L S (anteroposterior, ϩ4.8). The same conventions described in Figure  11 are used here. Note the covariance of a comparatively large receptive field, centered along the horizontal meridian (at the same eccentricity as the example in Fig. 11) , with a preference for high velocities and a strong bias for movements toward nasal visual space. gated corticotectal neurons is consistent with recent observations that L S is activated by visual stimuli earlier than, or in synchrony with, primary visual cortex (Katsuyama et al., 1996) .
